ABSTRACT: Explicit water molecules in the binding site of proteins play a crucial role for protein−ligand association. Recent advances in computer-aided drug discovery methodology allow for an accurate prediction of the localized position and thermodynamic profile of water molecules (i.e., hydration sites) in the binding site. The underlying calculations are based on MD simulations of explicit water molecules in a restrained protein structure. However, the ligand-binding process is typically associated with protein conformational change that influences the position and thermodynamic properties of the hydration site. In this manuscript, we present the developments of two methods to incorporate the influence of protein conformational change on hydration sites either by following the conformational transition step-by-step (method I) or to match the hydration sites of the two transition end states using local coordinate systems (method II). Using these methods, we highlight the difference in the estimated protein desolvation free energy with and without inclusion of protein flexibility. To the best of our knowledge, this is the first study that explicitly studies the influence of protein conformational change on the position and thermodynamic profiles of water molecules and provides methodology to incorporate protein flexibility into the estimation of the desolvation free energy.
■ INTRODUCTION
Water molecules in the binding site of proteins are important for molecular recognition as they can either bridge interactions between protein and ligand or can be displaced by the bound ligand. 1−5 Both mechanisms contribute enthalpically and entropically to the binding free energy. 2, 4 The explicit consideration of water molecules has gained increasing attention in drug-design projects over the past decade. Several computational tools, such as WaterMap, 6 3D-RISM 7 and WATsite, 8 can predict the localized position and thermodynamic profile of water molecules (i.e., hydration sites) in the active site using either the ligand-bound (holo) or ligand-free (apo) protein conformation. This information can be utilized in multiple ways in computer-aided drug discovery. For example, efforts are documented to replace the implicit solvent molecular mechanics description of the protein desolvation free energy in binding affinity predictions with explicit binding site water molecules that are displaced upon ligand binding. 9−12 Also, hydration site information has been used to select important pharmacophore elements thereby reducing the size of the pharmacophore model. 13 Furthermore, the locations and thermodynamic profile of hydration sites can guide hit-to-lead selection and lead optimization. 14 Typically a single starting structure, either apo or holo form, of the target protein is used for subsequent molecular dynamics (MD) simulations and hydration site prediction in WaterMap or WATsite. 9, 13, 15 Those studies demonstrated the feasibility of these hydration-site approaches to improve binding free energy predictions. The previously mentioned studies implicitly assumed that structural differences between apo and holo structures are small and do not influence hydration site prediction. As our recent study, 16 however, indicated hydration site prediction is largely affected by small conformational variations in the initial protein structure used for the computational analysis. For most protein systems the rigid receptor assumption is invalid, and we have to assume that large variations in hydration site predictions exist for protein systems with significant conformational change between apo and holo structures. To the best of our knowledge, all previous hydration-site related studies neglect the conformational transition of the protein upon ligand binding. Thus, the use of hydration site information from a single protein conformation is most likely incorrect for ligand binding (cf. Figure 1 ).
For example, there may be hydration sites predicted in the apo protein conformation, which are not present in the holo form (water α in Figure 1A ). These hydration sites are not directly displaced by the bound ligand; however, they contribute to the protein desolvation free energy since the ligand-induced conformational change causes their disappearance. On the other hand, hydration sites may be predicted in the holo form of the protein and displaced upon ligand binding (water β in Figure 1A ) although it is actually not present in the ligand-free apo state of the protein. Thus, adding water β's desolvation energy to the free energy of binding upon replacement by the bound ligand is actually incorrect. Also, the protein's desolvation free energy is the free energy difference between the water being released to the bulk solvent due to ligand binding versus the water bound in the ligand-free apo state. When the thermodynamic profile of a hydration site in apo and holo states differs, using the energies from the holo state is again incorrect for the estimation of the free energy of binding (water γ, δ in Figure 1B ). Therefore, we aim to analyze and incorporate the influence of protein conformational change during ligand binding on hydration site location and thermodynamic profile.
In the current study, we developed two methods to dissect the changes in location and free energy of hydration sites upon protein conformational change. Method I involves the simulation of the conformational change by Multiply-Targeted Molecular Dynamics (MTMD) and provides a detailed transition of each hydration site throughout the trajectory. In method II, the locations of hydration sites are specified by local coordinate systems defined by nearby protein residues. Using these hydration-site specific coordinate systems (HSSCS), hydration sites in the apo protein structure are directly associated with those in the holo form without the necessity to follow the conformational transition path. In addition, we compare the results from both methods. Whereas method I provides a detailed explanation of appearance and disappearance of hydration sites during protein conformational change, method II is computationally more efficient, identifies a larger number of hydration-site pairs compared to method I, and can be applied to a large number of ligands that bind to a diverse ensemble of protein conformational states.
■ MATERIALS AND METHODS
Protein Systems and Preparation. The ligand-free and ligand-bound form of yeast guanylate kinase (GUA, PDBID: 1EX6, 1EX7) 17, 18 and the SH2 domain of the (Pp60) Src kinase system (SH2, PDBID: 1BKL, 1O42) 19 were used to test our methods. The GUA system undergoes large conformational change upon ligand binding, and the heavy-atom Root Mean Square Deviation in the binding site (RMSD BS ) between the apo and holo forms is 4.53 Å. On the other hand, with an RMSD BS of 1.62 Å, the SH2 system represents a system with smaller conformational change upon ligand binding. The binding site was defined to contain all residues which have at least one atom within 6 Å of any ligand atom in the X-ray structure of the holo form.
The apo protein conformations were prepared as input for Multiply-Targeted Molecular Dynamics (MTMD) simulations, keeping the crystallographic waters. The program Reduce 20 was used to adjust the side-chain conformations of ASN, GLN, and HIS and tautomers and protonation states of the HIS residues. The protein was then solvated in an octahedron of water molecules using the SPC water model 21 with a minimum distance of 15 Å between any protein atom and the faces of the octahedron. Chlorine and sodium ions were added to neutralize the simulation systems. The holo protein structures with the ligand removed from the active site were only used as the endpoint reference structure for MTMD.
Multiply-Targeted Molecular Dynamics (MTMD) Simulations of Ligand-Induced Protein Conformational Change. All simulations were performed with Amber14 22 using an NPT ensemble with the Amber ff99SB-ILDN force field, 23 periodic boundary conditions, and a time-step for integrating the equations of motion of 2 fs. The electrostatic interactions were calculated using the Particle Mesh Ewald method. 24, 25 The Lennard-Jones interactions were truncated at a distance of 10 Å. The covalent bonds including a hydrogen atom were constrained using the SHAKE algorithm. 26 Temperature coupling was performed using a Langevin thermostat 27 with collision frequency of 2 ps −1 at 300 K and isotropic position scaling with a pressure relaxation time of 1 ps for pressure coupling at 1 bar.
The prepared apo protein structure was first energy minimized for 5000 steps using the steepest descent algorithm. Throughout the equilibration process the temperature of the system was progressively increased from 0 to 300 K within 50 ps and then held constant for 500 ps. During the time-course of the MTMD simulation, an additional energy term based on the mass-weighted RMSD was added as a restraint term. The Positional change of hydration sites upon conformational change upon ligand binding: α leaves, β and ε enter the protein active site. Upon ligand binding, water β, although replaced by the ligand in the holo state, does not contribute to the desolvation energy as it is in the bulk solvent in the apo state. In contrary, water α, although not directly replaced in the holo state by the ligand, contributes to the protein's desolvation free energy as it is replaced by the conformational change induced by ligand binding. Contrary, water ε contributes to the desolvation free energy. (B) Change of thermodynamic profiles of hydration sites during conformational change upon ligand binding: γ becomes less stable, and δ becomes more stable. The desolvation energy of those waters in the apo state (not holo state) needs to be taken into consideration for the free energy of binding calculation.
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Article original apo protein conformation was used as the reference structure at the start of the MTMD simulation and the holo conformation as the end-point reference structure.
A 4 ns MD simulation was performed with restraints on the apo conformation alone, followed by a 20 ns MTMD simulation where the RMSD restraints to the apo conformation were gradually decreased while increasing the corresponding RMSD restraints to the holo conformation. Finally, the MTMD simulation concluded with another 4 ns MD simulation with restraints only to the holo conformation. Since many different protein conformations may have the same RMSD and we are especially interested in the hydration sites in the protein binding site, both the binding site RMSD restraints and all heavy atoms RMSD restraints were applied in the MTMD simulation ( Figure 2) . Thus, four energy terms (both binding site and all heavy atoms RMSD for apo and holo proteins) were added to the restraint term in the energy function. As shown in Figure 2 , the MTMD simulation is initially restrained to the apo conformation for 4 ns, i.e. low RMSD to the apo conformation and high RMSD with respect to the holo form (heavy atom RMSD to binding site residues and all residues are 4.5 and 3.8 Å for the GUA system, respectively). During the next 20 ns the RMSD restraints to the holo protein conformation are gradually increased (RMSD to apo decreased) forcing the protein system slowly to the holo state, i.e. reduced RMSD values with respect to the holo structure (and increasing RMSD to apo form). In the last 4 ns period of the MTMD simulation the system remains restrained to the protein holo conformation. Coordinates were saved every picosecond, generating a protein conformational change trajectory with 28,000 frames.
Extracting Trajectories of Overlapping MTMD Windows. The MTMD trajectory was split into multiple overlapping 4 ns windows to predict the hydration sites. A 3.5 ns overlap to the previous window was chosen to ensure a gradual transition of hydration site locations. As shown in Figure 2 , the first set of hydration sites was predicted using the first 4 ns of the MTMD trajectory (window #1), then the second set of hydration sites was predicted using the window between 0.5 and 4.5 ns (window #2), and the last set of hydration sites was predicted using the last 4 ns of the MTMD trajectory (window #49).
Theory of Hydration Site Identification and Desolvation Free Energy Prediction. The localized positions of water molecules (i.e., hydration sites) in the active site were identified using the program WATsite based on any MD trajectory. The details of the underlying method have been described elsewhere. 8, 13 Briefly, a 3D grid was placed over the user-defined binding site using a grid spacing of 0.25 Å. In each snapshot, the positions of the oxygen atoms of all water molecules in the binding site were determined, and a Gaussian distribution function centered on the oxygen atom was used to distribute the occupancy of the water molecule onto the 3D grid. The occupancy distribution was then averaged over the production run, and grid points were filtered out if their occupancy is lower than twice the corresponding value in bulk solvent. Then a density-based spatial clustering of applications with a noise (DBSCAN) clustering algorithm 28 was used to identify the locations of the hydration sites. The DBSCAN algorithm is efficient and can be applied to arbitrary shapes of clusters. A hydration site is defined if the cluster contains a minimum of 100 grid points. This cutoff value was defined based on the analysis of several X-ray structures (PDBID: 3T8G, 3T74, 3T87, 3T8H, 3T8C, 3T8D, 4H57, 4D9W) for which we were able to reproduce 90% of the water locations in the crystal structures using this criterion. Increasing the minimum number of grid points in a cluster as criterion would result in too many crystallographic water molecules not being reproduced by the predicted hydration sites. On the other hand, if the minimum number of grid points in a cluster is reduced, we may generate hydration sites with relatively low occupancy increasing the noise in predicting favorable water locations.
The desolvation free energy of each hydration site was determined by separately analyzing the enthalpy and entropy contributions of the water molecules inside a hydration site
hs hs hs (1) where ΔH hs and ΔS hs are the enthalpic and entropic change of transferring a water molecule from the bulk solvent into the hydration site of the protein binding site. Details on the calculations of both terms can be found in our previous publication. 13 Briefly, the enthalpic change was estimated by the change of the average interaction energies
hs hs hs bulk (2) where E hs is the average sum of van der Waals and electrostatic interactions between each water molecule inside a given hydration site with the protein and all the other water molecules, and E bulk is the interaction energy of a water molecule with all other water molecules in the bulk solvent phase. The entropic change was computed by Figure 2 . Illustration of the 28 ns MTMD simulation of the protein conformational change from an apo to a holo structure of the GUA system by applying RMSD restraints to both the binding site residues and the whole protein structure. Using 0.5 ns intervals, 49 overlapping windows with a length of 4 ns were generated.
where R is the gas constant, and p ext (q) is the external mode probability density function (PDF) of the water molecules' translational and rotational motions during the molecular dynamics simulation. TS bulk is the entropy of a pseudohydration site in the bulk solvent. To estimate TS bulk , a 100 ns simulation of a water box with 13734 expicit SPC 21 water molecules was performed following the same procedures and parameters as the solvated protein simulation described above. Five pseudohydration sites were randomly chosen, and the average TS bulk has been −3.8 kcal/mol (standard error: 0.035 kcal/ mol).
Development of Two Methods for the Hydration Site Analysis Involving Protein Flexibility. Scheme 1 shows the overall procedure of the two methods we have developed for the analysis of hydration site locations and thermodynamic profiles incorporating protein flexibility. Hydration sites predicted using the ligand unbound (apo) protein structure are called apoHS and using the ligand bound (holo) protein conformation, holoHS.
Method I consists of three steps: a. MTMD simulation with explicit water molecules was used to simulate the conformational change of a protein from its apo structure to the holo form. b. The MTMD trajectory was then split into overlapping windows of 4 ns length with neighboring windows separated by 0.5 ns (Figure 2 ). Our hydration site prediction program WATsite 8 was used to predict the hydration sites of overlapping MTMD windows. c. The changes in hydration sites locations along the MTMD frames and their associated thermodynamic profiles were then analyzed. The potential disappearance, appearance, and changes in thermodynamic profiles of hydration site waters during the conformational change were determined.
In detail, using the 49 sets of hydration sites predicted from the overlapping MTMD windows, we aimed to connect the hydration sites in the holo protein conformation to the corresponding hydration sites in the apo form defining continuous paths between the starting and ending locations. The transition of hydration sites was dissected by identifying the hydration-site pairs between neighboring MTMD windows. The closest two hydration sites between the current and the previous MTMD windows were considered as a hydration-site pair if the distance between them is smaller than 1 Å. The 1 Å threshold for defining similar hydration site locations was chosen as the hydration sites are defined as spheres with radius of 1 Å 6 . 13 If no hydration-site pair was identified between the neighboring windows n and n-1, the hydration site comparison was performed between the current window n and window n-2. This protocol was continued (comparison n with n-3, then n with n-4, finally n with n-5) until hydration sites were paired or no pairing was identified up to the fifth previous window n-5. As the RMSD of the protein conformational change from apo to holo for the GUA system is about 4.5 Å, using 49 MTMD windows means that the protein changes about 0.5 Å in RMSD throughout five MTMD windows. As our previous study indicated, 16 hydration sites are incomparable for protein binding site residues with RMSD larger than 0.5 Å. Thus, we limit the comparison of the positions of hydration sites to the previous five MTMD windows. Once all paired hydration sites are identified, the transition of hydration sites is tracked from the protein apo form to its holo form, and in opposite direction, incorporating the conformational change of the protein upon ligand binding. If one hydration site is not paired to any hydration site in the previous five windows, it is considered as a new hydration site water that appears from bulk solvent throughout the protein's conformational change (β in Figure  1 ). Hydration sites that are not paired with any hydration site in the subsequent five windows are considered as sites that disappear during conformational change to the bulk solvent, i.e. the ligand-induced conformational change of the protein displaced the hydration site water into bulk solvent (α in Figure 1 ).
Method II is based on the observation that a water molecule in the binding site is often stabilized by direct contacts with a single or small number of residues, especially due to specific hydrogen bond interactions. Thus, in this method hydration sites in apo and holo forms of the protein are associated based on their similarity in interactions with nearby residues using a local coordinate system, named hydration-site specific coordinate systems (HSSCS). This allows for association of the hydration sites in the holo protein conformation to the corresponding hydration sites in the apo form without explicit simulation of the protein conformational change process. 
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In detail, the eight closest binding site residues are identified for each hydration site ( Figure 3A ). Since three points are required to create a coordinate system, any three out of the eight residues are used for the definition of HSSCS, giving a total of 56 combinations. The centroids of the residues (denoted as a, b, and c in Figure 3C and D) define a plane R.
The x-axis is defined by vector ⎯ → ab, and the y-axis is on the plane R and perpendicular to vector ⎯ → ab. The z-axis is the perpendicular vector to both the x-and y-axis in a right handed coordinate system. The Cartesian coordinates of each hydration site are projected onto the HSSCS, and the residues defining the HSSCS along with the local coordinates of the hydration site are stored. It should be noted that the sequence of three centroids does influence the local coordinate system. For example, the HSSCS with x-axis defined by vector ⎯ → ab or ⎯ → bc are different. There are six permutations for each combination of three residues; thus, a hydration site can be represented by 336 (6 × 56) HSSCS. Centroids of residues instead of potential hydrogen bond donor/acceptor atoms are chosen to define the coordinate system for the following reasons: First, potential hydrogen bond donor/acceptor atoms may only be good reference points for hydration sites that are stabilized predominantly via hydrogen bonding. However, for hydration sites in a hydrophobic cavity, it is unclear which atoms to pick as reference points for defining the coordinate system, as the cavity is formed by a multitude of atoms. Second, there are cases where a hydration site is close to one polar and two nonpolar residues in the apo form. In the holo form, this polar residue is no longer part of the protein binding site, while the other two nonpolar residues are still stabilizing the hydration site. Third, for cases where a hydration site is stabilized by hydrogen bonding with a single polar residue, using three atoms (e.g., Cα, hydrogen bond donor/acceptor atoms, or main chain N/O) on the same polar residue as reference points may cause numerical instabilities in defining the hydration site position in this particular coordinate system. The reason for this observation is that these atoms are sometimes closer to each other compared to the potentially hydrogen-bonded hydration site. Consequently, the coordinate axes may change significantly with small variance in the atom positions, and the same hydration site may artificially have very different coordinates in the two Cartesian coordinate systems. Fourth, the positions of the atoms are thermally fluctuating much larger than the residue centroids. Thus, differences in the hydration site locations using atom-based coordinate systems may be representing the thermal fluctuation rather than conformational transitions between two stable substates associated with apo and holo forms of the protein. As the Cartesian coordinate system can be very sensitive to the chosen points when they approach colinearity, we checked the scalar product of the angle theta formed by vector ⎯ → ab and ⎯ → ac, where a, b, and c are the coordinates of the three centroids. For the holo protein conformation of the GUA system, none of the coordinate and c) defining a plane R are used to create a HSSCS coordinate system. The x-axis is defined by spheres a and b, the y-axis is on the same plane and perpendicular to the x-axis, and the z-axis is perpendicular to the plane R. The two hydration sites are essentially colocalized in terms of the HSSCS.
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Article systems out of 13440 has a scalar product larger than 0.9 (cos25°= 0.906). For the apo protein conformation of the GUA system, only 3.6% of all coordinate systems (354 out of 9744) have a scalar product larger than 0.9. We need to mention that a voting scheme is used here over all coordinate systems. Such a small percentage of sensitive coordinate system is not believed to significantly influence the overall outcome. To identify the associated hydration sites in the apo and holo protein conformations, all hydration sites from the apo form are compared to those in the holo form. For any hydration site comparison, distances in HSSCS coordinates are calculated for which the three residues and the permutation are the same. Any two hydration sites with a distance smaller than 2 Å were identified and stored as a possible pair. We noticed that two close hydration sites between nearby windows in Cartesian coordinates with a distance of 0.2 Å have larger distance variations (from 0.1 to 0.9 Å) in HSSCS coordinates. Thus, we used 2 Å as the distance criteria for pairing hydration sites using HSSCS coordinates. Using these local coordinate systems, pairs are identified even if the RMSD of the three residues defining the HSSCS between apo and holo forms is larger than 10 Å in the Cartesian coordinate system. Different pairs may be identified depending on the three residues defining the HSSCS ( Figure 3A) . Furthermore, hydration-site pairs that are associated with HSSCS defined by close residues are typically of more importance than using HSSCS of more distant residues because the interaction strength is likely to be larger in the former case, especially when the hydration site forms hydrogen bonds with those residues. Thus, to identify the most likely hydration-site pair between apo and holo forms, a hydration-site similarity score was defined that depends on the number of HSSCS in which the pair i-j is matched ( Figure  3A ) and the distance (d (i,j)-0 ) between the hydration site and the origin of the HSSCS averaged over the apo, d i0 , and holo conformation, d j0 (i.e., centroid a in Figure 3C and D). A distance cutoff (d cutof f ) of 4 Å was chosen. The pair with the highest similarity score was selected to be the associated hydration sites between the apo and the holo forms.
The highest similarity score might be different from apo-toholo and holo-to-apo directions. For one hydration-site pair, 672 (336 × 2) is the highest possible similarity score if they are paired in all HSSCS, and all distances to the origin of HSSCS, d (i,j)-0 , are smaller than the distance cutoff (d cutof f ). The similarity score was normalized to a range of 0% to 100% by dividing the raw value by the highest possible similarity score (672), yielding the percent similarity score s i,j . Finally, all hydration-site pairs with a percent similarity score larger than 1% were used and discussed in the Results section. We also extended method II, allowing one hydration site to be paired with multiple sites, and titled this modification method IIb.
Estimation of Buried Apolar Surface Area of Protein− Ligand Complexes. We estimated the buried apolar Solvent Accessible Surface Area (SASA) using the get_area command in PyMol. 30 The buried apolar SASA was computed by summing up the apolar SASA of the protein and the ligand and then subtracting the apolar SASA of the complex.
Estimation of Desolvation Free Energy of the Protein upon Ligand Binding. In previous studies, 6, 13 hydration sites are predicted using the holo protein structure alone, and thus the protein desolvation free energy is estimated using the hydration sites in the holo form. Any hydration site to any of the ligands' heavy atoms with a distance (d hs-lig ) smaller than a distance cutoff (e.g., d lig_cutof f = 2.24 Å) is considered as being displaced upon ligand binding. The distance cutoff is adapted from Abel et al. since it is very unlikely that the contact distance between a water-oxygen atom and a ligand carbon atom is less than 0.8 * (1.4 Å + 1.4 Å) = 2.24 Å (assuming the radii of carbon and oxygen atoms are approximately 1.4 Å). 6 The contribution of each displaced hydration site is based on the closeness to the ligand:
The desolvation free energy of the protein binding site (ΔG desolv_rigid ) can then be estimated by summing up the free energies of the hydration sites in the holo form, with respect to bulk solvent, that are displaced upon ligand binding.
However, when a protein conformational change is associated with ligand binding, the hydration site free energy profiles in the apo protein state need to be considered as reference for the ligand-free state, i.e. the thermodynamic properties of the apo hydration sites, that correspond to the holo hydration sites that are replaced by the ligand, have to be used to calculate the protein desolvation free energy. To fully take the influence of protein conformational change on protein desolvation into account, three types of hydration site transitions are considered for the estimation of protein desolvation free energy:
Type i. Hydration sites that are displaced upon ligand binding in the protein holo form and match to a corresponding hydration site in the apo form (γ and δ in Figure 1 ). The free energy of the paired hydration sites in the apo form (ΔG γ/δ_apo ) is used.
Type ii. Hydration sites that exist in the protein apo form but disappear in the protein holo form (α in Figure 1 ). These hydration sites contribute to the free energy of protein desolvation although they are not directly displaced by the ligand. The reason for this treatment is that ligand binding induces conformational change of the protein which is responsible for the desolvation effect. Ligand binding therefore indirectly replaces those water molecules. This water replacement into bulk solvent, however, may cost or gain free energy (ΔG α ) to ligand binding and therefore has to be considered for computing the desolvation free energy.
Type iii. If the hydration site does not have a corresponding site in the apo form, i.e. it only appears from bulk solvent during protein conformational change, its replacement does not contribute to the free energy of ligand binding (β in Figure 1) , and ΔG β is therefore not considered in the estimation of the free energy of protein desolvation. If a type (iii) hydration site is not displaced by the ligand (ε in Figure 1 ), it unfavorably (−ΔG ϵ ) contributes to the free energy of protein desolvation.
Thus, the overall desolvation free energy is computed by 
In the modified method IIb, multiple pairings are allowed for one hydration site; the percent similarity score (s) of each pair is used to scale the contribution from different corresponding hydration-site pairs in the apoHS. For type i hydration sites (G γ/δ ), for example, when multiple hydration sites in apoHS (e.g., l, m, n) are paired with a hydration site (e.g., k) in the holoHS, the contribution from displaced hydration site k to the protein desolvation free energy is estimated by
The desolvation free energy from type i hydration sites are calculated using eq 8, and the contributions from type ii and iii hydration sites are calculated as in eq 7.
■ RESULTS AND DISCUSSION
Current methods predict hydration sites and their thermodynamic profile based on an initial protein structure, typically a holo form of the protein. Our previous study 16 indicated that even for proteins with a relatively small conformational change (0.5 Å < RMSD BS < 1.0 Å) between apo and holo conformations large variations in location and thermodynamic profile of the hydration sites are typically observed. Here, we propose two methods to identify hydration sites in the protein holo form (holoHS) that originated from corresponding hydration sites in the apo form (apoHS) but changed their location due to the conformational transition between both protein states. In method I, we simulate a protein conformational transition pathway and predict hydration site changes observed throughout the transition. The hydration sites in the apo form are connected to those in the holo form via locally adjacent, intermediate hydration-site pairs. In method II, we assign hydration sites to the surrounding protein residues and match the hydration sites in the apo form to corresponding sites in the holo form based on their conserved interactions with those nearby residues.
Protein Conformational Change from the Apo to the Holo Form Simulated by MTMD. Protein systems that undergo significant conformational change upon ligand binding are commonly seen in drug discovery, and many of them are assumed to occur via the induced-fit mechanism. When ligands induce large conformational change, it is important to understand what influence this conformational change has on binding site water molecules. Here, we simulated the protein conformational change by applying RMSD restraints on the heavy atoms of the protein slowly shifting the system from apo to holo conformation. Figure 4 shows an overlay of the midpoint MD frame from each 4 ns MTMD window representing the conformational transition pathway for the GUA and SH2 systems. The GUA system undergoes a large conformational change of the loop region that interacts with the phosphate group of the ligand ( Figure 4A ). Movie S1 shows the formation of the ligand binding pocket during the conformational change simulated by MTMD. The RMSD BS between the apo and holo forms of the GUA protein system is 4.53 Å, thus the hydration sites predicted using these two protein conformations are not overlapping using the Cartesian coordinates of the superimposed protein structures ( Figure S1A ). With an RMSD BS of 1.62 Å, the conformational change of the SH2 system is relatively small compared to the GUA system, but the hydration sites predicted using the apo and the holo forms are still spatially distinct ( Figure S2A ). As the SH2 system undergoes smaller conformational change compared to GUA, the MTMD simulation length was reduced to 20 ns including 12 ns with continuously changing RMSD restraints to apo and holo forms (separate RMSD restraints for binding site and whole protein were used similarly as in the GUA simulations). In the first and the last 4 ns period of the MTMD simulation the system remains restrained to the protein apo and holo conformations, respectively.
Method I: Identify Hydration Site Transition Pathways through MTMD Windows. For each 4 ns MTMD window, one set of hydration sites is predicted. However, a simple overlay of all predicted hydration sites from all windows is unable to directly identify the transition pathways for each site during the protein conformational change (Figures S1B and  S2B) . To identify the pathways of all hydration sites throughout the apo to holo transition pathway, we determined all hydration-site pairs between nearby MTMD windows. As described in the Materials and Methods section, a hydration- 
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Article site pair is defined if the closest two hydration sites from two adjacent windows have a distance smaller than 1 Å.
Based on the spatial relocation, appearance, and disappearance of hydration sites during the protein conformational change, three types of hydration site transitions are identified: (i) hydration sites that move continuously along with active site residues during conformational change or remain largely unchanged in their location, (ii) hydration sites observed in the apo structure but that disappear during the conformational change to the holo form (i.e., transition into bulk solvent), and (iii) hydration sites that are not observed in the apo structure but appear during the conformational change to the holo form (i.e., transition from the bulk solvent to the binding site). For the calculation of desolvation free energies, only water molecules that are located to hydration sites in the apo or holo form are relevant. Hydration sites that only appear in intermediate windows do not contribute to the computation of protein desolvation free energy and will therefore not be discussed here.
The detailed results for all hydrations site transitions are tabulated in Table S1 (GUA) and Table S2 (SH2). For the GUA system, our method predicted 29 hydration sites in the apo structure and 40 in the holo structure ( Figure S1 ). Sixteen hydration sites belong to type (i), 13 to type (ii), and 24 to type (iii) hydration sites. For the SH2 system ( Figure S2 ), 51 hydration sites were predicted in the apo conformation, and 46 in the holo form. Twenty-five hydration sites were classified as type (i), 26 as type (ii), and 21 as type (iii) hydration sites. Thus, only approximately half of the hydration sites are conserved throughout the conformational transition in the binding site, highlighting the significant dynamics in hydration site appearance and disappearance during the apo to holo transition. Figure 5 . Examples of hydration site transition pathways for the GUA system. (A) Type (i) hydration sites that remain in the binding site throughout the conformational transition; (B) type (ii) hydration sites that disappear throughout transition from apo to holo form; (C) type (iii) hydration sites that appear throughout the conformational change. The graphs on the right side show the thermodynamic properties (ΔG, − TΔS, and ΔH) (in kcal/mol) and occupancy of the hydration site throughout the transition (window 0 represents the apo protein structure, and window 48 represents the holo protein structure).
Article Figure 5 shows examples of hydration site transitions in the GUA system. The thermodynamic properties (ΔG, −TΔS, and ΔH) (in kcal/mol) and occupancy of each hydration site are shown on the right. Even for type (i) hydration sites (e.g., Figure 5 ) that are conserved in the binding site (no appearance or disappearance), the location of the hydration site with respect to the whole protein may alter significantly. The water molecule in Figure 5A , for example, interacts with ASP-100 in the apo protein structure via a hydrogen bond. Throughout the transition to the holo form, GLU-69 approaches the hydration site, and a second hydrogen bond is formed to GLU-69 in addition to the hydrogen bond to ASP-100. Due to the second hydrogen bond with a formally charged residue the enthalpy of solvation becomes more negative, associated with a loss in conformational freedom, i.e. increase in −TΔS (Figure 5A , right). Together with the increasing stability of the hydration site, the occupancy of this hydration site throughout a 4 ns MTMD window increases from about 60% in the apo conformation to 100% in the holo conformation. Although this hydration site is predicted to be conserved between apo and holo forms, its predicted free energy of desolvation in the apo form is 2.5 kcal/mol less favorable than in the holo form. Thus, when this hydration site is displaced by a binding ligand, its free energy predicted in the holo form should not be used, as the desolvation free energy is defined with respect to the apo form of the protein.
An example of a type (ii) hydration site that disappears during the conformational change of the protein is shown in Figure 5B . The hydration site in this example forms hydrogenbond interactions with the carbonyl group of GLN-102 in the apo protein conformation. The carbonyl group flips during the conformational change to the holo form, and the hydration site gradually loses interaction with the group and disappears after the 17 ns MTMD window into bulk solvent. As this hydration site is not predicted in the holo form of the protein, it will not be taken into account in the estimation of the free energy of binding of a ligand, if only the holo protein conformation would be considered. The hydration site, however, actually transits into the bulk solvent during the conformational change induced by the binding ligand. Therefore, its desolvation free energy needs to be considered as if being replaced by the binding ligand, i.e. direct replacement of a water molecule in the holo structure or due to induced conformational change equally contributes to the desolvation free energy of the protein upon ligand binding.
Type (iii) hydration sites appear during the conformational change to the holo structure ( Figure 5C ). The hydration site is not observed in the protein apo structure as the binding site residue TYR-50 on the flexible loop region is pointing to the bulk solvent. For clarity, we only show the surface of the holo conformation with the bound ligand in the active site. As the protein changes its conformation to the holo form, TYR-50 moves toward the active site, and a hydration site appears forming hydrogen bonds with TYR-50. If this hydration site is displaced by a ligand and released into the bulk solvent, it will not contribute to the free energy of ligand binding since it originates from bulk solvent in the apo protein conformation and ends in the bulk solvent again upon ligand binding. If it is, however, not replaced by a bound ligand, it will contribute to the free energy of binding, as the interaction energy and entropy of the water molecule in the binding site (in the holo state) may differ from the corresponding free energy contributions in bulk solvent (in the apo state).
Supplementary movies show window-by-window density changes of the above examples: type (i) hydration site ( Figure  5A ) in Movie S2, type (ii) hydration site ( Figure 5B ) in Movie S3, and type (iii) hydration site ( Figure 5C ) in Movie S4. Examples for all three types of hydration sites for the SH2 system are displayed in Figure S3 .
Method II: Associate Hydration Sites in Apo and Holo Forms Using HSSCS. The protein desolvation free energy obtained from the explicit hydration site information has been successfully used to replace the implicit desolvation term in MMGBSA or in the scoring of docking poses. 9 ,31−33 As 
Article demonstrated in the previous section, for protein systems with significant conformational change upon ligand binding, changes in hydration site location and thermodynamic profile need to be considered for a more accurate calculation of protein desolvation free energies. Using MTMD simulations in method I provides a continuous path between apo and holo hydration sites allowing to define clear associations between hydration sites in the two protein states. The method, however, is too computationally expensive to apply to a large ligand library, if different protein conformations are induced or stabilized by those bound ligands. To accelerate the process of predicting the desolvation free energies of the protein upon ligand binding, a second method is proposed that requires only the hydration site identification and profiling for the end points (apo and holo forms). To associate the hydration sites in the holo protein conformation to the corresponding hydration sites in the apo form, the definition of hydration site specific coordinate systems (HSSCS) for each hydration site is introduced. Using the HSSCS, locations and thermodynamic profiles of hydration sites between the apo and the holo form are compared and associated based on their similarity in interactions with nearby residues. The highest similarity score for each hydration site is used to identify a hydration-site pair.
Comparison between Method I and Method II. A comparison of both methods for identifying associated hydration sites is shown in Table 1 for the GUA system. There are 16 type (i) hydration-site pairs identified using method I and 18 pairs identified using method II. The majority of hydration sites identified by method I (10 from 16) is reproduced by method II (highlighted in light purple). Hydration-site pairs that are predicted differently by the two methods are highlighted in yellow (method I) and green (method II). The free energy differences of predicted hydration site desolvation between the apo and holo protein conformations range from 0.1 to 3.5 kcal/mol. The percent similarity score is normalized to a range 0% to 100% and shown in Table 1 .
Method II identifies hydration-site pairs for three additional holoHS (#9, #34, and #36) between apo and holo structures that are missed by method I. Analysis of those additional paired hydration sites highlights an issue encountered in method I. For example, a hydration-site pair (#28(apoHS)−#9(holoHS)) predicted only by method II is shown in Figure 6 . Hydration site #28 in the apo form and #9 in the holo form are stabilized by a hydrogen bond to SER-34. The hydration sites are paired by method II using, for example, the local HSSCS defined by the three nearby residues SER-34, TYR-50, and TYR-78 ( Figure 6A ). However, in method I, the hydration site disappears at window 12 and does not reappear before window 17 ( Figure 6B ). The reason for this temporary disappearance is the decreasing water density that does not meet the criteria of defining a hydration site ( Figure 6C and 6D) . Just before and after the hydration site's disappearance and reappearance the occupancy of this hydration site is only about 20%. The window-by-window density change of this hydration site is also shown in Movie S5. It should be noted that WATsite hydration 
Article site identification is based on the water density on grid points and the clustering method. For areas in the binding site with less pronounced water density peaks, e.g. more mobile water molecules, the definition of the hydration sites is sensitive to the clustering algorithm. The sensitivity to the water density, clustering algorithm, and the number of nearby MTMD windows of hydration-site pair identification is the main reason why hydration site paths become discontinuous throughout the MTMD trajectory.
Method IIb: Multiple-to-Multiple Hydration-Site Pairings. We also observed that all the hydration-site pairs that differ in the two methods are located in proximity to charged residues such as GLU or ASP. Figures 7A and 7B show an example of hydration sites directly interacting with ASP-100 and GLU-69. There are nine hydration sites that are in close proximity with these two residues in the apo form, while only five hydration sites are observed in the holo form. As shown in Figures 7C and 7E , less pronounced water density peaks are observed in the apoHS around GLU-69 and ASP-100 compared to the density of the comparable holoHS ( Figures  7D and 7F) . The reason for this discrepancy is the flexibility of the solvent-exposed carboxylate group of a GLU or ASP residue; a slight rotation can result in different water density especially at solvent-exposed locations. Analysis of the 4 ns MD trajectory of apo protein conformation (Movie S6) demonstrates the significant mobility of the water molecules in this region at the interface to bulk water, which results in the rather broad distribution of water density with weakly pronounced peaks. Due to the sensitivity of the clustering algorithm in those situations, five hydration sites are identified, although only 3−4 water molecules interact with residue GLU-69 at the same time. This also explains why we observe different hydration-site pairs. 
Article For example, both #2 and #12 interact with the residue ASP-100 in the apoHS ( Figure 7A ), whereas #23 is observed to interact with the same oxygen atom in the holo form ( Figure  7B ). Hydration-site pair #12−#23 is identified in method I, while method II identified #2−#23 as a pair. Similarly, different hydration-site pairs are identified around GLU-69 by both methods (#1−#12 in method I; #4−#12 in method II). Both associations are meaningful because both #1 and #4 in the apoHS interact with GLU-69, and #12 interacts with the same residue in the holoHS.
The above observation, that multiple hydration sites in the apoHS can be paired with one site in the holoHS, led to the conclusion that one-to-one hydration-site pairing is not ideal. Therefore, we adjusted method II by allowing one hydration site to be paired with multiple sites instead of only using the pairing with the highest similarity score. Table 2 shows all hydration-site pairs with a similarity score larger than 1%. All hydration-site pairs identified by method I are now predicted by method II as well. HoloHS that are paired differently by method I and the original method II are circled in red (method I) and green (original method II; highest similarity score). It should be noted that the percentage similarity scores are significantly smaller that 100%. This is not surprising, as it is not possible that a hydration-site is within 4 Å of all eight residues used to define the HSSCS. Furthermore, it is unlikely that two hydration sites are paired in all 672 HSSCS, in particular if the protein changes conformation (cf. Figure 3A) .
The results of comparing both methods for the SH2 system are shown in Tables S3 and S4. All hydration-site pairs that are predicted by method I but not by original method II (Table S3) are predicted when allowing multiple pairings for one hydration site in method IIb. These multiple-to-multiple hydration-site pairings identified here make more sense from a physical perspective since several identified hydration sites may actually be the result of the same water molecule interacting with rotated side chain of the protein residue (Movie S6). Thus, the sensitivity of hydration site identification on water density and clustering algorithm may be reduced by method IIb.
The analysis also highlighted that method I fails to identify many hydration-site pairs that are identified by method IIb. In method I, we pair hydration sites from the apo to the holo structure with the assumption of a one-to-one correspondence. Furthermore, method I is neglecting the temporary disappearance of hydration site due to changes in water density during the conformational transition. In this context, it should also be noted that simulating the conformational change using MTMD may result in intermediate protein conformations that are unrealistic and thus unfavorable for stable water positions ( Figure 6 ).
Prediction of Protein Desolvation Free Energy Including Protein Flexibility. As no experimental data is available on water energies, a direct validation of the above prediction is not possible. Thus, we tried to correlate the predicted protein desolvation free energy with binding affinity even if the other components, such as the protein conformational energy and protein ligand interaction energy, are missing.
The desolvation free energies of the protein active site upon binding of several ligands to the SH2 domain of the (Pp60) Src protein system were predicted: The apoHS and holoHS, and their pairings, were used to estimate the protein desolvation free energy. Ligands from different crystal structures (PDBID: 1O4A, 1O4B, 1O42, 1O43, 1O44, 1O45, 1O46, 1O47, 1O48, 1O49) were placed back into the active site of the protein holo conformation, and the desolvation free energies of different ligands were estimated using the standard rigid-protein method as well as the flexible-protein method as presented in the current manuscript. In short, ΔG desolv using the rigid protein method is estimated by adding the desolvation free energies of the holoHS that are displaced by the bound ligand (within the cutoff distance of 2.24 Å to any heavy atom of the ligand). The flexible protein method utilized all hydration-site pairs information from method IIb, and the contribution from three types of hydration sites was computed using eqs 7 and 8. 
Article The predicted ΔG desolv are then correlated with the experimentally measured binding affinities (pIC 50 values).
In addition to the protein desolvation free energy, we also computed the correlation between pIC 50 versus buried apolar surface area which is frequently used as an estimate for dehydration costs ( Figure 8A) . A favorable correlation was observed, although the correlation coefficient is lower in absolute magnitude compared to using explicit hydration sites and protein flexibility in method II. A more negative ΔG desolv means a more favorable contribution to the free energy of binding and therefore should be associated with a higher pIC 50 value. Whereas ΔG desolv estimated from the flexible-protein method shows a meaningful correlation with the experimental affinity data, the predicted desolvation free energies using the rigid-protein method actually display an inverse correlation to the experimental affinity (Figure 8) . Clearly, the protein desolvation free energy is only one but an important contribution to the free energy of binding, and future studies will aim to improve the predictive capacities of the flexible protein method by combining it with other energy terms such as the molecular mechanics direct protein−ligand interaction energy and terms from the generalized Born surface area (MM-GB/SA) method. In the current study, we just wanted to demonstrate the importance of including protein flexibility in hydration site prediction for the more accurate estimation of protein desolvation and its contribution to the free energy of binding.
■ CONCLUSION
In this manuscript, we presented the development of two methods to incorporate protein flexibility in the prediction of hydration site location and thermodynamic profile. Method I requires time-consuming MTMD simulations but provides a detailed picture on the hydration site changes during the apo to holo transition. This method is useful for obtaining a detailed understanding of the changes in water density and thermodynamic properties of localized water molecules during the conformational change. It should, however, be noted that the identification of hydration-site transition pathways using method I is sensitive to the clustering algorithm and to changes in water density, so that temporarily low occupancy regions during the conformational transition may lead to the disappearance of hydration sites and therefore a loss in transition pathways. Method II is computationally more efficient compared to method I. It can be easily applied to a large library of compounds that bind to an ensemble of different holo structures of the same protein and thus may be useful for the calculation of protein desolvation free energy in context of docking or postprocessing methods such as MM-GB/SA.
Our study also highlights the large difference in the predicted desolvation free energy of the same hydration site between the apo and the holo protein conformations, which has been as large as 3.5 kcal/mol in our test cases. Thus, using the hydration site information without inclusion of protein flexibility may lead to the wrong estimation of protein desolvation free energy. With the methods presented in this manuscript, we are able to incorporate protein flexibility into the estimation of the desolvation free energy. The implicit protein desolvation term used in the MM-GB/SA method can be replaced by the estimated desolvation free energy using hydration site replacement. Guimaraẽs et al. 31 have demonstrated an improved correlation between the MM-GB/SA results and experimental data when replacing the implicit desolvation term with explicit hydration site free energies. Thus, a potential new strategy which we will investigate in future studies is to first associate the hydration sites in the apo and holo forms using our new flexible-protein method, estimate the desolvation free energy for each ligand in the protein system, and use this term in the context of MM-GB/SA replacing the implicit protein desolvation term. ΔG desolv using the rigid protein method is estimated with the hydration sites predicted using the protein holo form. (C) ΔG desolv from the flexible protein method is estimated using all identified hydration-site pairs between apoHS and holoHS using eqs 7 and 8.
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